Abstract. Mouse myeloma cells pulse-labeled in vitro with 3H-leucine or 3H-glucosamine were fractionated on sucrose gradients, and membrane-bound and free polyribosomes were separated. Nascent polypeptides released from polyribosomes were precipitated with antiserum specific for mouse immunoglobulin. The results indicate that immunoglobulin is synthesized preferentially by bound polyribosomes.
Immunoglobulin (Ig), a glycoprotein composed of light and heavy chains,' is the sole protein secreted by plasma cells. Previous studies from this and other laboratories have elucidated the initial steps in synthesis and intracellular transport. Light and heavy chains are synthesized on polyribosomes.2-5 Glucosamine, the bridge sugar linking the carbohydrate moiety to an asparaginyl residue,6 is also incorporated into nascent chains on polyribosomes.7-9 Immunoglobulin is transported to the cisternae of the rough endoplasmic reticulum2'10-"4 and then to the Golgi complex.'3-15 This concept, together with studies of secretory proteins in other organs, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] proposes that immunoglobulin is formed on polyribosomes associated with endoplasmic reticulum (bound polyribosomes) rather than on polyribosomes present in the cell sap (free polyribosomes).
The purpose of the present studies was to determine whether the polyribosomes synthesizing immunoglobulin are bound or free. Using subcellular fractionation procedures we have separated free from bound polyribosomes of an immunoglobulin-producing tumor labeled with either 3H-leucine or 3H-glucosamine. The results indicate that immunoglobulin is made preferentially on bound polyribosomes; glucosamine-containing immunoglobulin was also found on free polyribosomes. Materials Scintllation counting: Trichloroacetic acid precipitates were washed twice with -5% trichloroacetic acid and twice with ethanol-ether (2:1) before solubilization with NCS (Nuclear Chicago) into tolueno-PPO.12 Aliquots of G-75 column effluents were solubilized into the same cocktail with biosolve-3 (Beckman). Aliquots from Dowex and G-25 columns and cellulose from thin-layer plates were added directly to Beckman cocktail D."' Determinations of radioactivity were done to the 4+5% error (2 sigma) in a Beckman LS-250liquid scintillation counter.
Results. Method of fractionation: Free polyribosomes could be contaminated with microsomes or could result from detachment of bound polyribosomes during fractionation. The first possibility was excluded by electron microscopy of the free polyribosome pellet, which showed the virtual absence of membranes. Detachment was studied by observing the effect of the severity of homogenization on the ratio of free versus bound polyribosomes recovered. Cells labeled for 10 min with 3H-leucine were lysed by Nrinduced cavitation or by 3, 15, or 30 strokes of a Dounce homogenizer. The ratios of acid-insoluble radioactivities in free versus bound polyribosomes for these procedures were 3.5, 3.0, 2.7, and 2. 6 respectively, showing that increased severity of homogenization does not increase Another possible cause of ribosomal detachment is the action of ribonuclease, although addition of exogenous ribonuclease did not cause detachment of bound polyribosomes from membranes in liver cells. 34 To inhibit such activity, liver cell supernantants containing RNase inhibitor were used throughout the cell fractionations. 29 30 Free and bound ribosomes were resuspended in buffer and sedimented on linear sucrose gradients. Most of the radioactivity was associated with polyribosomes, confirming the absence of significant ribonuclease activity.
Isolation of free and bound polyribosomes: P3K cells were labeled with 3H-leucine or 'H-glucosamine and the percentage of radioactivity recovered in free and bound polyribosomes and other fractions was determined. The results of 16 experiments are summarized in Table 1 . Leucine radioactivity was about threefold higher in free than in bound polyribosomes. However, the fractionation procedure preferentially recovers free polyribosomes because unknown amounts of microsomes and hence bound polyribosomes are lost in the nuclear pellet.3' As can be seen, most radioactivity is present in the postribosomal supernatant which is derived from the microsomes and thus contains mainly the cisternal contents of the rough endoplasmic reticulum, i.e., the products of the bound polyribosomes. In contrast, the microsomal supernatant which includes the cell sap contained only a small proportion of acid-precipitable radioactivity.
While it is not possible to quantify the amount of free and bound polyribosomes obtained from the cells, one can determine the ratio of incorporation of glucosamine to leucine in the two classes of polyribosomes. As can be seen (Table 1) , the relative specific activity was nearly twofold greater on the bound polyribosomes; i.e., incorporation of glucosamine occurred preferentially on bound polyribosomes, in accord with results obtained for other tissues.'-'-Percentage of free and bound polyribosomes engaged in IgG synthesis: Immunoprecipitation was used to determine the percentage of radioactive IgG in nascent chains in the two classes of polyribosomes. Table 2 summarizes the results of nine experiments. Without exception, the proportion of leucine and Figure 2 , most of the OHradioactivity cofiltered with the heavy and light chains of the precipitating rabbit and goat antibodies, in accord with our own previous study in which both glucosamine and leucine were incorporated into immunoglobulin nascent chains. 9 Discussion. There is accumulating evidence that secretory proteins are made preferentially on bound polyribosomes. Thus, (1) rough endoplasmic reticulum is prominent in cells that secrete proteins,38 (2) microsomes can form secretory proteins in vitro and transport them from the attached polyribosomes across the membrane into the intravesicular lumen (the in vitro counterpart of the cisternae of the rough endoplasmic reticulum),39 and (3) subcellular fractionation studies have shown that nascent chains of secretory proteins are preferentially found in association with bound compared to free polyribosomes. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] It has also been reported that ferritin, a nonsecretory protein, is formed primarily on free polyribosomes. 24 The general concept has arisen, therefore, that secretory proteins are formed on bound polyribosomes whereas sedentary proteins are formed on free polyribosomes.
The present studies indicate that IgG is preferentially formed on bound polyribosomes. Thus, the leucine incorporation into lgG averages 31.4% in bound as compared to 7.6% in free polyribosomes. We have obtained similar results using lymph node cells from hyperimmunized rabbits. 40 Our results agree with those of Lisowska-Bernstein et al.,4i who studied incorporation of leucine into IgG in another myeloma tumor. These workers studied the capacity of free versus membrane-bound polyribosomes to synthesize IgG in a cell-free system. They found that IgG was formed preferentially by the bound polyribosomes although some free polyribosomes were also active in immunoglobulin synthesis.
Since incorporation of sugars into proteins is characteristic of secretory proteins,42 it was also of importance to determine whether glucosamine was incorporated into the IgG associated with free polyribosomes. The results clearly indicate that glucosamine is present on IgG on free polyribosomes but that, like leucine, there is a pronounced preferential incorporation into IgG on bound polyribosomes.
We favor the explanation that IgG-producing polyribosomes to which glucosamine had become attached were membrane-bound but were detached from the endoplasmic reticulum during fractionation and thus appeared as free polyribosomes. No evidence to support this idea was obtained, however, from experiments in which different severities of homogenization were employed.
We therefore consider two additional possibilities: (1) IgG synthesis is initiated on free polyribosomes which then bind to the endoplasmic reticulum; transport and secretion then proceed in the conventional manner as described in the introduction. (2) IgG is formed by some polyribosomes in the cell sap and is either secreted by a pathway distinct from the conventional one or is degraded.
The first possibility implies that a portion of the immunoglobulin nascent chain (polypeptide or glucosamine residue(s)) may serve as a recognition site for the binding of the polyribosome to the endoplasmic reticulum. Such a recognition system would distinguish those polyribosomes that make secretory proteins from those forming sedentary ones and would result in the attachment of the former to the secretory system. However, the results of gel filtration, the antigenicity of the nascent chains, and the presence of glucosamine residues all suggest that a considerable portion of the immunoglobulin nascent polypeptide chains has been completed. Some completed light chains may already be attached to nascent heavy chains.4 5 Thus, if heavy and light chains of free polyribosomes gain access to the cisternal compartment, they must cross the endoplasmic reticulum membrane as virtually complete macromolecules. Studies with bound polyribosomes suggest, however, that growing nascent polypeptides cross this membrane into the cisternae as small, incomplete chains.39 Therefore, secretion of heavy and light chains synthesized on free polyribosomes might require additional mechanisms of membrane transport. 
